Abstract. Classical cytotoxic treatment of rhabdomyosarcoma (RMS) is often accompanied by significant morbidity and poor response. This cytotoxic therapy may induce a multidrug resistance (MDR) phenotype in RMS which is associated with decreased effectiveness of chemotherapy. The majority of MDR molecules belong to a family of ABC (ATP binding cassette) transporters. Studies of drug resistance in RMS suggest that there are various mechanisms acting simultaneously, which might explain the low percentage of long-term survival in this malignancy. Moreover, although cells exposed to cytotoxic agents increase expression of muscle differentiation markers indicating myogenic differentiation, multidrug resistance may be a major obstacle in differentiation therapy for RMS. This review briefly discusses the current knowledge of resistance in RMS and emphasizes the importance of understanding the different aspects of MDR status in these patients.
Introduction
Rhabdomyosarcomas (RMS) are a distinct type of soft tissue sarcoma (STS), arising from primitive mesenchymal cells with varying degrees of skeletal muscle differentiation. They are the most common childhood STS, accounting for 4-8% of all pediatric malignancies. About two-thirds of all sarcomas and 7-8% of all solid malignant tumors in childhood are RMS (1) . The two main histopathological subtypes of this malignancy in children are embryonal and alvelolar RMS (Fig. 1 ). Patient's prognosis depends on the localization of the primary lesion, histological subtype, stage of disease and the age at diagnosis (2) (3) (4) (5) . Until adolescence, RMS are still among the most common STS, but they become more infrequent with older age and are rarely seen in patients who are older than age 45 years (6) .
Pediatric RMS has a more advantageous prognosis after multimodality treatment compared with adult RMS, which might be related to a decreased sensitivity to chemotherapy in adults (7) . The development of resistance to chemotherapy is a major cause of failure in treating patients with malignant tumors, especially in advanced and relapsed cases. Most pediatric malignancies are initially chemosensitive; however, they can acquire MDR during chemotherapy (8, 9) . Drugs commonly used for the treatment include vinca-alkaloids, actinomycin D, alkylating agents and anthracyclines (10) . RMS is not curable through chemotherapy alone (11).
Molecular mechanism of drug resistance in tumours
Numerous factors affect the bioavailability and efficacy of chemotherapeutic drugs, including the method of drug administration, absorption, metabolism, blood supply and tissue oxygenation, and fundamental defects in the responses of tumour cells to injury. What is clear, however, is that chemotherapy has made a significant contribution to the treatment of many haematological and pediatric neoplasms but has been much less beneficial for the treatment of adult solid tumours. Even where some benefit has occurred, initial response to therapy is often superseded by the acquisition of drug resistance, or the over-growth of drug-resistant clones. The ability of a small population of malignant cells to survive exposure to lethal doses of cytotoxic agents and to develop resistance to those agents has determined the very nature of the practice of oncology. Modern chemotherapy has partially overcome the twin problems of relapse and the emergence of drug resistance by optimizing cytotoxicity. The combination of drugs used in treatment programs, the duration of protocols, and the dose and frequency of administration of antineoplastic agents have been determined, in part, by strategies designed to reduce the possibility of emergence of a resistant population of cells (Fig. 2) .
A number of possible molecular explications for drug resistance exist. There may be exclusion of drug from the cell, failure to activate the prodrug to its active form, increased detoxification, alterations in the drug target, enhanced repair capability of the cell after injury, or failure to engage an appropiate response, leading to apoptosis in the damaged cell. Many of these factors may co-exist in human tumours; some are a feature of cell lineage whilst others appear de novo during disease progression (12) .
Multidrug resistance mediated by P-glycoprotein. Characteristically, it became obvious that tumour cells which were resistant to one drug often showed cross-resistance to a wide variety of other, structurally unrelated drugs (Table I ). This phenomenon of MDR was associated of a 170-kDa protein, P-glycoprotein (P-gp), the product of the mdr1 gene, which was first detected in samples from patients with clinical multidrug resistant ovarian cancer (13) . P-Glycoprotein is an energy dependent transport protein which has a physiological function in cellular detoxification and secretion mechanisms. Ling and Thompson (14) using Chinese hamster ovary cells, were the first to show that MDR was associated with decreased intracellular drug accumulation and the first to identify the presence of P-gp in these MDR cells. It has been demonstrated that the expression of this protein is frequently increased in pediatric solid malignancies (15) . P-glycoprotein is a member of a multigene family with alternative splicing patterns and the differential expression of various P-glycoprotein genes may result in varying levels of resistance to drugs (16) . P-glycoprotein expression is apparently regulated on many different levels. These include amplification, transcriptional and translational regulation of expression and mechanism affecting P-glycoprotein stability or activity (17) .
MRP and drug resistance. It has become increasingly clear how important a role the multidrug resistance-associated protein (MRP) plays in the ineffectiveness of treatment with cytotoxic drugs in some types of cancer (18) . The discovery of MRP was performed in the line H69AR, adriamycin selected from the H69 small cell lung cancer line (19) . Subsequently, the transfection of mrp gene in HeLa cells showed that this protein confer resistance to chemotherapeutic agents (20) . With a 6.5-Kb mRNA, MRP is a protein of 1531 amino acids and has a molecular weight of 190 kDa. Although different in the primary structure of P-gp (only 15% of its amino acid overlap), both confer resistance to a similar set of chemotherapeutic agents. As in the case of P-gp, MRP belong to the superfamily of ABC transporters and contains a hydrophobic transmembrane region and a domain that binds to cytoplasmic nucleotides, preferably at ATP where lies the greatest homology with the sequence P-gp (21) (Fig. 3) . The mrp gene has been mapped to chromosome 16 and is expressed at low levels in many tissues, including testis, skeletal muscle, heart, kidney, lung and hematopoietic cells. It is also detectable in brain, spleen, liver and intestine. However, the physiological functions of MRP in these tissues are not clearly understood (22) . In tumors, MRP confers drug resistance by a mechanism similar to P-gp. Today we know that MRP exists in a variety of tumor types, including sarcomas, leukemia, cancer, small cell lung, breast, cervical, prostate and bladder carcinomas. Preliminary studies indicate that MRP mRNA levels are elevated in neuroblastomas and RMS (23) .
LRP and drug resistance. LRP (resistance-related protein in lung) is a 110-kDa protein not related to P-gp and described in the 2R120 lung cancer cell line, obtained from SW1573 cells by exposure to doxorubicin (24) . The lrp gene has been localized to the short arm of chromosome 16, close to the mrp gene but mrp and lrp are rarely co-amplified. It is overexpressed in negative cells for P-gp. Like P-gp and MRP, LRP appears widely distributed in normal tissue type bronchial epithelium, digestive tract, keratinocytes, adrenal cortex, macrophages, kidney, pancreas and germ cells (25) . The presence of LRP in different cell types, suggests that the 'vaults' have a common basic physiological function (26, 27) . Topoisomerases and drug resistance. The ability of normal cells to recover from the effects of cytotoxic drugs is obviously critical to any regime of therapy, and central to this is the cell's ability to repair damage. Topoisomerases may represent the final common pathway of cytotoxicity of several different classes of antineoplastic agents. Topoisomerases are enzymes that catalyze changes in the secundary and tertiary structures of DNA: theses enzymes are necessary for DNA replication. Most attention has focused on topoisomerase Il, an enzyme that is the target of antineoplastic drugs that act as DNAintercalating agents, such as etoposide. This new pattern of cross-resistance has been dubbed 'atypical MDR' and although the precise defect in these cells is not yet known, there is strong evidence implicating altered topoisomerase activity in the resistant cells (29) .
Other enzymes as the mechanism of drug resistance. The role of anionic glutathione S-Transferase (GST) in clinical drug resistance has yet to be determined. Increased amounts of anionic GST mRNA have been found in colon cancer in comparison to normal surrounding colon mucosa by means of immunohistochemical techniques (30) . Two different isoenzymes in the basic class of GST have been implicated in resistance to mechlorethamine and alkylating agents. The overexpression of glutathione S-transferases in tumors may reduce the reactivity of various anticancer drugs. In recent years it has become evident that glutathione S-transferases are also involved in the control of apoptosis through the inhibition of the JNK signaling pathway (31).
Rhabdomyosarcoma and multidrug resistance
RMS differs from other STS in their favorable response to chemotherapy. Greater than 60% of all patients survive a 5-year period after diagnosis due to multimodality treatment (32) . Factors that determine a patient's prognosis include the site of the primary lesion, stage of disease, histologic subtype and age at diagnosis (2, 33, 34) . In addition, development of RMS drug resistance may an important prognostic factor. This phenomenon in several pediatric tumors such as RMS may be mediated by MDR-associated proteins P-gp, MRP and LRP (7, 23, 35) , among others. The P-gp decreases the intracellular drug accumulation that correlates with the degree of drug resistance (7). Chan et al (35) found that P-gp expression assessed by immunohistochemistry was an adverse prognostic factor in pediatric RMS patients. However, these findings were not confirmed in a later study by Kuttesch et al (37) . These two studies differed (at least partially) in the applied antigen retrieval method, the panel of antibodies, the method of immunostaining and the scoring of immunoreactivity. Komdeur et al (7) found a high percentage of P-gp-positive samples (43 of 45, 96%) compared with the study of Chan et al (35) (9 of 30, 30%). This considerable difference might be caused by immunohistochemical procedures. A heatinduced epitope retrieval was performed in the first study, whereas this was not described in the second study. In addition, not all specimens in the first study were assessed with the C494 antibody, which was used to evaluate all cases in the second study. On the other hand, Klunder et al (38) compared the expression of MDR proteins in 13 pairs of primary untreated RMS and follow-up material obtained after chemotherapy. All, except two specimens obtained after chemotherapy, showed morphologic 'maturation' and increased desmin expression, as previously described (39-41). The two cases in which no further differentiation was observed correspond to local recurrences of the primary tumor which was resected after chemotherapy. The cause may be that primary chemosensitive clones re-emerged (42) . On the other hand, studies in vitro (43) clearly showed that MDR mediated by mdr1 may be induced by treatment with actinomycin D. In addition, Melguizo et al (44) reported an increased P-gp- expression in another cell line of embryonal RMS by the same drug. In these two studies differentiation of RMS cells and resistance have an intense relationship which can be very important as we discuss later. Another mechanism of drug resistance is mediated by the MRP, which is also a membrane bound efflux pump, which decreases the concentration of cytotoxic agents within the cell. However, Seitz et al (8) showed that MRP genes do not have an effect on drug resistance in RMS. On the other hand, LRP, also known as the human major vault protein, is a structure involved in MDR against many structurally unrelated drugs. It is believed that LRP redistributes drugs within the cell, resulting in lower concen-trations at the target site (45) . The range of drugs associated with LRP is even broader than those associated with P-gp and MRP1 and additionally includes alkylating agents (e.g., melphalan and cyclophosphamide) and platinum compounds (46) (47) (48) . Klunder et al (38) reported a higher LRP protein expression in tumor specimen from adults compared to children. LRP and MDM2 might have an effect when the treatment is based in a single drug. In alveolar RMS, multidrug resistance was mediated via an MDR1-and MRP-dependent mechanism in vitro and in xenografts models with lower gene expression levels in xenotransplants (7) . The three cases of alveolar RMS, which all occurred at a young adult age, had either non-existent or low LRP expression. When statistical analysis was performed after omitting the alveolar RMS, a significantly higher expression of LRP was found in adult tumors compared with pediatric tumors. In addition, excluding alveolar RMS resulted in an increased Spearman's ρ when calculating the correlation between LRP expression and patient age. In conclusion, LRP expression is more pronounced in adult RMS compared with pediatric RMS and is correlated with age. As a genetically unrelated type, alveolar RMS displays no or limited expression of LRP. Finally, in RMS, overexpression of MDM2 was found in vitro (49) and in tumor samples (50) . MDM2 protein binds and suppresses tumor suppressor gene p53 (51) . Overexpression of MDM2 leads to overexpression of MDR1-gene and therefore results in an increase of P-gp (49) .
In various pediatric malignant tumors, the expression of MDR-associated genes has been proven to increase in the primary untreated tumors (51-54). These results indicate that MDR-associated genes affect the 'primary drug resistance' in the first-line chemotherapy. However, the role of MDR associated genes in the 'acquired drug resistance' established during chemotherapy has rarely been investigated. P-gp and MRP1 are expressed frequently in RMS, but the expression does not differ between pediatric and adult samples (15) . In RMS, Komdeur et al (7) assessed the expression of P-gp, MRP1, and LRP in 45 untreated tumor specimens. Most samples (80%) are extensively P-gp positive. Most of the samples (56%) are also extensively positive for MRP1. In contrast, a minority of samples (16%) reveal extensive immunoreactivity for LRP. These results are consistent with Oue et al (15) study of MDR-associated gene expressions in RMS (75%) shown MDR1/P-gp positive, and 0% for LRP. MDR1, MRP1, and LRP, was newly observed or had increased in various pediatric malignant tumors by immunohistochemistry. The findings suggest that various MDR-associated genes contribute to primary drug resistance, with regard to the response to the first-line chemotherapy in the treatment of these tumors and the correlated expression of P-gp and MRP1 suggests that they operate under similar regulatory mechanisms. PituchNoworolska et al (23) reported in RMS, the expression of 3 or 4 MDR proteins suggesting various mechanisms acting simultaneously, which might explain chemotherapy resistance and a low percentage of long-time survival in this malignancy.
Several explanations may account for the difference in outcome between pediatric and adult RMS patients. First, adults might present more often in a more advanced stage than children, this being an independent adverse prognostic factor (5) . Although children presented more often with IRS Stage 1-3, and more adults presented with IRS Stage 4 disease, the differences were not statistically significant (7) . Second, in young patients, the primary tumors often arise at sites that are linked with a more favorable response to treatment (32) . Third, patients with embryonal RMS and especially those with the botryoid subtype have a more favorable prognosis than those with ARMS (56,57). Komdeur et al (7) found an equal distribution of P-gp expression between the pediatric and the adult groups suggests that P-gp is not a critical factor in the clinical behavior and no significant differences in MRP1 expression between specimens obtained from children and adults. The observed correlation between MRP1 and P-gp expression suggests that these drug efflux proteins are regulated by similar factors. Compared with P-gp and MRP1 expression, fewer LRP-positive RMS were encountered. LRP expression correlated with age. It is conceivable that LRP expression gradually increases over the total range of patient age. Increasing knowledge on the genetic and biologic make-up of alveolar RMS indicates that this type is basically distinct from other RMS (58) . A recent report by Klunder et al (38) demonstrated that differentiation coincided with an increase in LRP expression (but not in the expression of P-gp or MRP1). They suggested that LRP expression enables RMS cells to survive chemotherapy.
Multidrug resistance and rhabdomyosarcoma differentiation
An essential aspect in the development of multidrug resistance in tumor cells is the relationship with the differentiation process. In fact, the 'differentiated' cells that remain after chemotherapy appear to represent a tumor subpopulation that is resistant to chemotherapy in an otherwise very chemosensitive tumour. This raises the question as to whether MDR may play a role in selective 'protection' of better-differentiated tumor cells (38) . After chemotherapy, P-gp and MRP1 expression in differentiated cells remained essentially unchanged, whereas LRP expression increased significantly. These findings suggest P-gp and MRP1 possibly play a role in primary chemoresistance in RMS, whereas LRP may be involved in chemotherapy-induced MDR. The study by Marchal et al (59) of the embryonal RMS cell line RD revealed chemotherapy-induced differentiation not accompanied by up-regulation of MDR1 mRNA. This study further revealed that the differentiation induction or selective destruction may depend on the chemotherapeutic agent and/or dosage. These findings suggest heterogeneity in RMS with respect to both chemosensitivity and differentiation level. It is likely that the better-differentiated cells are more chemoresistant, which appears to be conveyed by expression of LRP. In contrast, another study by the same group showed up-regulation in two RMS cell lines, one of which was obtained after chemotherapy in vivo (60) . In a study of various tumor types, Izquierdo et al (46) found that LRP expression was higher in differentiated tumor types and present in a number of refractory tumours after chemotherapy, including two RMS. In view of the current findings, (pre)terminal differentiation induced by chemotherapy might increase LRP-related MDR, which should be taken into consideration when planning further treatment.
The cellular differentiation induces a modulation of expression in some antigens including those which may be essential for the proliferation of tumor cells. This change may be related to the therapeutic response of the tumour, because it has been observed that patients with recurrences of well differentiated RMS have a poor prognosis (61, 62) . Some authors have shown that low doses of actinomycin D are able to induce resistance in RMS cells in culture in which modulation of MHC expression took place (63, 64) . Prados et al (63) indicated that positive RMS to mdr1 showed higher HLA class I expression than those which were negative to mdr1 PCR, which seems to prove a significant correlation between the expression of both molecules. These results demonstrated that conventional chemotherapy of embryonal RMS is able to induce resistance which can modulate HLA class I expression changing the possible immunoresponse against tumor cells.
Conclusions
The prognosis of RMS in advanced stages is still unsatisfactory. Therapy is limited due to local tumor recurrence, development of metastases and multidrug resistance. The activity of MDR proteins in tumour cells is associated with an increased resistance to therapy and in consequence with a decreased effectiveness of chemotherapy. The majority of MDR molecules belong to a family of ABC transporters. Effectiveness of conventional cytotoxic treatment of RMS may be limited by the development of MDR mediated by mdr1, mrp and lrp genes. The expression of LRP is induced by chemotherapeutic treatment in RMS in vivo. The preferential expression of LRP in differentiated cells and the subsequent more extensive expression after chemotherapy suggest that LRP plays a role in therapy-induced differentiation and is responsible for the resistant phenotype in most of these tumors. P-gp and MRP1 are expressed frequently in RMS, and their correlated expression suggests that they operate under similar regulatory mechanisms. High expression of an MDR protein profile in RMS suggests various mechanisms acting simultaneously, which may explain chemotherapy resistance and a low percentage of long-time survival in this tumour. New research in the up-regulation of these genes before and after chemo-therapy in pediatric malignancies such as neuroblastoma, hepatoblastoma, Wilms tumor and RMS will be necessary to understand the mechanism of drug resistance in pediatric malignancies.
